In this report, we examined influences of solar incident angle on the power generation efficiency of photovoltaic (PV) modules based on a measurement, during winter, at Kagoshima in Japan (31.570˚N, 130.545˚E). It was indicated that the power generation efficiency of PV modules deteriorates with time depending on the solar incident angle, and that there are cases where the power generation efficiency sharply drops if the incident angle exceeds 60˚ and the reflectance of cover glass exceeds 0.2. Such drop of power generation efficiency dependent on incident angle clearly appears at clear time when the proportion of direct components of solar radiation increases. Furthermore, it was pointed out that the average value of power generating efficiency during winter including all weather conditions produces differences of 10% or so, depending on the difference of average value during the period of incident angle. 
Introduction
Variation of the power generation efficiency of polycrystal Si PV module under field condition is dependent on various factors, e.g.,module temperature, incident angle of sunlight as well as spectral distribution of solar irradiation. Therefore, it is necessary to clarify the effect of these factors on the power generation efficiency in order to accurately predict realistic electric power generation of PV module installed in buildings. E.A.Sjerps-Koomen et al. 1) developed a simple model for calculating PV module reflection losses depending on solar incident angle under field conditions. The model calculations in U.K., Netherlands, Italy and Zimbabwe showed that the reflection losses relative to standard condition (STC) are depend on geographical latitude of the location. Furthermore, E.A.Sjerps-Koomen et al. showed that tilt, orientation and seasonal dependence are significant.
On the other hand, there are small reports on measurements or calculations of the PV module reflection losses under the field conditions in Japan. In this article, we examined the effect of solar incident angle on power generation efficiency of polycrystal Si PV module with a measurement, during winter, at Kagoshima in Japan. 
Methods

Measuring system
The PV modules forming the subject of measurement are the total number of 25 modules installed in 8 directions (N, NE, E, SE, S, SW, W, NW) x 3 tilt angles (30, 60, 80˚) and in horizontal plane. Table 1 shows the specification of the PV modules. Those modules are installed on the roof of a 7-storied building in the site of Kagoshima University. The output (current-voltage) of the 25 PVs is being measured at 2-minute intervals by using I-V curve tracer, by switching from one to another through a Cell selector. Moreover, module temperature, global irradiance, direct irradiance and diffuse irradiance are measured at 1-minute intervals. The details of other measured items and measuring instruments are indicated on Table 2 . PV modules in the directions of south 80˚, southwest 60˚ and west 30˚ were excluded from the object of observation in this report, because of their large difference in rated output from other modules. 
Calculation of power generating efficiency
As power generating efficiency of PV modules, we used the system performance ratio 2) K defined by formula (1) . K expresses the proportion of actual amount of power generation E P against ideal amount of power generation.
(1) I max and V max are values measured by using the I-V curve tracer at field condition. Therefore, influences of conversion loss by inverter are not included in E P . The tilted surface irradiance I TG was calculated from the measurements of direct and diffuse irradiance by using the anisotropic sky irradiance model of Perez 3) . In the calculation of tilted surface irradiance, the albedo was supposed to be 10%. The value of albedo around the measurement site is in the range of approximately 5 to 20%.
The system performance ratio K varies under the influences of shadings, module temperature and solar incident angle. Therefore, K was expressed as a function of several loss factors in formula (3) . (3 To clarify the influence of solar incident angle on power generation efficiency, K P was calculated by using formula (5). In the calculation of K P , K H was set at 1.0 based on surroundings in the measurement site.
(5)
Temperature correction of power generating efficiency
A temperature coefficient α is required for calculating K PT . In this report, α was determined with a regression Table 2 . Measured Items and Instruments analysis from the relationship between K and module temperature obtained by actual measurement. At that time, no proper value of α can be determined if any factor other than module temperature is contained in the power generating eff iciency K. Therefore, to eliminate influences of incident angle dependency, etc. in the analysis, we eliminated data having an incident angle over 60˚. Fig. 2 shows the relationship between K and module temperature on a clear day. From the chart, we can see that K is dependent on module temperature and that the power generating efficiency drops as the temperature goes up. The amount of change in K against module temperature determined from the regression line in the chart was -0.0056[˚C -1 ]. K P was calculated from formula (4) and formula (5) by using this temperature coefficient α. Fig. 3 shows the relationship between module temperature and K P . Hardly any change dependent on module temperature appears in K P , although there is some slight dispersion. This is an effect of temperature correction. Therefore, we determined temperature correction by the same method and calculated K P also for other PV modules.
A study will be made on the influences of solar incident angle on power generating efficiency of PV, with the use of the power generating efficiency K P submitted to temperature correction. Incident angle as mentioned here refers to the angle formed by the normal line and the sunlight on the surface of the module. In the observations hereafter, we used measured values at 2-minute intervals. Data with an altitude of the sun no higher than 5˚ was excluded Fig. 4 indicates deterioration with time of K P in northeast, east, southeast, south and northwest directions and in horizontal plane on February 3, 2002 which was a clear day. In horizontal plane, the power generating efficiency fares about at values close to the rating during the daytime, although it is slightly lower in the time zones after dawn and before sunset. In the south direction, the power generating eff iciency tends to become approximately 5% lower than the rating during the daytime, although it generally shows changes of efficiency similar to those in horizontal plane. We studied relationship between this trend and the temperature correction, but could not clarify the cause of this change.
Results
Deterioration of power generating efficiency
For those horizontal plane and south direction, no conspicuous change of efficiency was seen, except at hours after dawn and before sunset. On the other hand, in the modules in the directions of northeast, east and southeast, K P drops to around 0.7 in the afternoon in all of those directions. Furthermore, there was also an example in which K P drops to 0.63 in the morning as in the northwest direction, showing a trend different from that in horizontal plane and south direction.
Relationship between power generating efficiency and incident angle
Now let us observe such differences in power generating efficiency in relation to the incident angle of sunlight. On the module in southeast direction which showed a sharp drop of efficiency in the afternoon, the efficiency dropped in the time zone in which the incident angle changes from 60˚ to 90˚. Similarly, as we checked the relationship between evolution of power generating efficiency and incident angle on other modules, the time zone in which a large drop of power generating efficiency was a range where the incident angle is approximately over 60˚ without exception. On a module in which the incident angle remains over 60t hroughout the day like that in northeast direction, the power generating efficiency generally remains low. On the contrary, in horizontal plane and south direction, the incident angle is lower than 60˚ all day long, and no drop of power generating eff iciency as on other modules is observed. These observations made on a clear day indicate that the power generating efficiency deteriorates with time depending on the incident angle of the sunlight. Fig. 5 is a relational chart of power generating efficiency and incident angle. From the chart, we can see that the power generating efficiency shows a trend of sharply dropping when the incident angle is larger than 60˚. On the other hand, Fig. 6 shows calculated values of the transmittance (τ), absorptance (a) and reflectance (ρ) of the cover glass as a function of incident angle. We can see that the reflectance of cover glass of PV module increases when the incident angle is larger than 60˚. Furthermore, Fig. 7 illustrates relation between power generating efficiency and reflectance (ρ) of cover glass. The power generating efficiency varies in inverse proportion to reflectance (ρ) when ρ is larger than 0.2.
Such drop of power generating efficiency dependent on the incident angle is believed to be produced, in the course in which the sunlight reaches the PV cell, as part of the sunlight is reflected on the surface of the cover glass and the amount of sunlight contributing to power generation decreases.
Incident angle dependency of power generating efficiency on clear and cloudy days
The drop of power generating efficiency dependent on the incident angle may vary, in the degree of influences, depending on the weather or on the amount of direct irradiance entering through the surface of the module. For that reason, we checked changes in power generating efficiency by incident angle dependency, by using as indicator the proportion of the direct components against the total irradiance entering on the surface of the module (direct tilted surface irradiance/ tilted surface irradiance).
Here, changes by incident angle of K P were compared between a case in which the proportion of direct components against the total irradiance on tilted surface is larger than 60% (clear day) and a case in which that proportion is no higher than 5% (cloudy day). These direct components do not include any highly directional circumsolar irradiance component from the sky around Fig. 8 indicates the results on cloudy days. K P in the chart shows the average values by incident angles. Moreover, the averaged period is the period from January 1 to February 28, 2002. At cloudy time when the proportion of direct components is no more than 5%, the efficiency slightly drops in the range of incident angle of 70˚ or over with the modules in horizontal plane, northeast and east directions, though this judgment is rather difficult to make because of large dispersion of data. However, in other directions or at other incident angles, hardly any change of efficiency dependent on incident angle is observed. On the other hand, at clear time when the proportion of direct components exceeds 60%, the trend of dependence on incident angle of efficiency appears more clearly compared with cloudy time. From this fact, we can see that the change of power generating efficiency dependent on incident angle is affected by the weather (proportion of direct components). Also from Fig. 9 , a trend of drop of efficiency can be seen, in the range in which the incident angle exceeds 50 ~ 60˚, in the same way as in Fig. 5 . Furthermore, to compare the drop of power generating efficiency by directions, at incident angles over 60˚, the drop of power generating efficiency is more conspicuous with the modules in northeast, northwest, east and southeast directions. Especially with the module in the northeast direction, there is a large difference between the value at clear time and the value at cloudy time. Averaged relation between power generating efficiency and incident angle On each module, we calculated the average value of K P during the measuring period, and checked the relation between power generating efficiency and incident angle for all weather conditions. Fig. 10 indicates the relation between average K P during the period and incident angle. In this chart, although modules with large dispersions are also seen in horizontal plane, east 80˚, west 80˚, etc., there is certainly a correlation between the average power generating efficiency during the period and incident angle, and the coefficient of correlation turned out to be 0.76. According to the regression curve in Fig. 10 , we can see that the power generating efficiency of modules having an average value during the period of incident angle of 80˚ or over is about 10% lower compared with modules having a value of 50˚ or under. This chart clearly shows differences of power generating efficiency by incident angles (differences due to conditions of direction and slope angle of the modules). The dispersion of data observed in horizontal plane, east 80˚ and west 80˚ must form the subject of further study in the future.
Conclusions
In this report, we examined influences of solar incident angle on the power generating efficiency of PV modules during winter. 1) It was indicated that the power generating efficiency of PV modules deteriorates with time depending on the solar incident angle, and that there are cases where the power generating efficiency sharply drops if the incident angle exceeds 60˚ and the reflectance of cover glass exceeds 0.2.
2) It was shown that, such drop of power generating efficiency dependent on incident angle clearly appears at clear time when the proportion of direct components of solar radiation increases.
3) It was pointed out that the average value of power generating efficiency during winter including all weather conditions produces differences of 10% or so, depending on the difference of average value during the period of incident angle.
